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Cell Cycle Kinetics of Cultured Human Epidermal Keratinocytes 
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When stratified epithelia maintained in culture are 
used for autoradiographic studies of labeling index, the 
emulsion is usually placed over the uppermost strata of 
the culture. In many cases the distance from the basal 
cell nucleus to the emulsion exceeds the average path-
length of ,8-particle emissions from 14C or 3H. We describe 
a technique for inverting the cultures so that the emul-
sion can be brought into close association with the basal 
cells. 
Attempts to label cultm·ed human epidermal keratin-
ocytes using a pulse of [3H]- or e "C]-thymidine produced 
labeling only at the periphery of the colonies. This was 
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noted when emulsion was laid on top of the colonies but 
also when the emulsion was in close contact with the 
"basal cells" adhering to the plastic culture vessel. Con-
tinuous labeling of the cultures produced nearly 100% 
labeling of all the basal layer, i.e., central and peripheral, 
indicating that the central cells were also in rapid cell 
cycle. The results are interpreted as indicating the pres-
ence of au efficient barrier to free diffusion over the 
center of the colonies, presumably due to the presence 
of several layers of corneocytes. Percent labeled mitoses 
(PLM) studies produced an unusual PLM curve with a 
DMEM: Dulbecco's modified Eagle's medium 
EGF: epidermal growth factor 
HPMA: 2-hydJ·oxylpropyl methacrylate 
LI: label ing index 
Ml: mi totic index 
PLM: percent labeled miio is 
SV40: S imian Virus 40 
T ,: cell cycle duJ·ation 
T,: mi totic duration 
Thd: thymidine 
TK: thy midine kinase 
VCR vincristine sulfate 
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well-defined third peak which showed a higher PLM 
than the second peak. These results may indicate that 
the cultures contain discrete cell populations with differ-
ent cell kinetic phase durations. 
The factors that control growth and differentiation in renew-
ing epithelial tissues are poorly understood. Ethical considera-
tions limit the range of studies that can be carried out on 
humans in vivo, and most in vitro studies use short incubations 
of skin pieces or explant cultures. Human keratinocytes have, 
in the past, proved difficult to maintain in long-term culture. 
However, Rheinwald and Green [1] devised a technique that 
permits the long-term growth of clonally derived keratinocytes. 
The single cells grow to form stratified colonies with cell division 
restricted to the basal layer, the most mature cells being des-
quamated into the medium where they become enucleate [2). 
The rate of growth and potential culture lifetime of the cells 
can be increased by the addition of epidermal growth factor 
(EGF) [3) and/or cholera toxin [4). The cultures are grown 
with a 3T3 feeder layer, which in some way modifies the culture 
environment so as to make it suitable for keratinocyte growth 
and differentiation [5). The 3T3 cells also "contact inhibit" any 
contaminating human fibroblasts that are present in the pri-
mru·y cultures. These can then be selectively removed by wash-
ing the cultures with EDT A [6]. This culture system produces 
a remarkably good "epidermis in vitro" which is similar in 
structural organization to that found in vivo. The system has 
been exploited by Green and coworkers to investigate the 
biochemistry and molecular biology of keratinization and 
"terminal differentiation" (see [7) for review). The system has 
also been used to produce epidermis for grafting back onto nude 
mice [8) and humans [9] and to study the metabolism of 
carcinogens by keratinocytes [lO,il] as well as to study trans-
formation by Simian virus 40 (SV40) [12). Very little work has 
been carried out on the cell kinetics of the system. 
Rheinwald and Green [1] reported that a short exposure to 
[ 3H]-thymidine (Thd) produced labeled cells only at the pe-
riphery of the colonies whereas [ 14C]-Thd produced some la-
beled cells in more central areas. This is presumably because 
the pathlength of 3H /]-particles is short and they cannot 
penetrate through the thicker, more stratified area at the center 
of colonies (see Fig 1), while '"C produces more energetic /]-
particles. However, even with this isotope some labeled cells 
might be missed. This would lead to an underestimate of the 
labeling index (LI). In expanding colonies, cells at the colony 
periphery are not overlaid by other cells and may therefore 
show labeling, whereas the central cells that are overlaid may 
not. A pattern of labeling such as this has been reported by 
several workers [1 ,12,13] and was interpreted by Steinberg and 
Defendi [12] and by Kondo et al [13] as indicating that only 
cells in the colony edge were proliferating. However, the possi-
bility that the observed labeling pattern is artifactual was not 
considered. 
Obviously, sectioning of the colonies could overcome this 
problem but this is not as convenient as autoradiography of 
intact cultures, which allows the basal cell nuclei to be brought 
into much closer contact with the emulsion. 
We have developed an improved autoradiographic technique 
for examining stratified cultures which involves embedding 
intact cultures in resin, removing the plastic culture dish, and 
applying the autoradiographic emulsion directly in contact with 
the "basal" layer. The basal layer comprises the cells that are 
in direct contact with the growth surface; only these cells 
undergo DNA synthesis [1). This technique is similar, in some 
respects, to the technique of preparing autoradiographs of 
epidermal sheets peeled from the dermis [14). Using this tech-
nique we have carried out various labeling experiments to 
obtain information on the rate of growth, cell cycle time, and 
growth fraction of cultured keratinocytes. 
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FIG 1. SEM of a small colony. A small human keratinocyte colony 
viewed by scanning electron microscopy (X 870) at high tilt (75°). 
Colonies with such an appearahce are commonly found in cultures at 
early times. As the cultures grow the surface of the colonies flattens to 
a more uniform level. The material on top of the colonies is cellular 
and is attached to the cells below. These rounded cells often have a 
cytoplasm filled with filaments and show s igns of nuclear breakdown. 
The rounded cells become detached and can be seen resting on top of 
other cells, e.g., in the foreground. If one imagines an autoradiographic 
emulsion over such a colony the emulsion would be much nearer to the 
"basal" cells which are directly attached to the plastic, at the edge of 
the colony rather than in the center. Larger colonies show a flatter 
multilayered structure, but the distance from the emuls ion to the 
lowermost cells will be large, except at the edges. 
MATERIALS AND METHODS 
Cell Culture 
All cells were maintained at 37°C in a 95% air, 5% C02 atmosphere. 
3T3 cells (a gift from H. Green) were grown in Dulbecco's modified 
Eagle's medium (DMEM) supplemented with 10% donor calf serum 
(DCS). The 3T3 cells were maintained in Falcon 3013F cultme flasks 
(25 cm2 growth area) and were subcultmed every third or fourth day 
and plated at 3 x IO" cells/flask. 3T3 cells were not used after 3 months 
of continuous culture. 
Human foreskins were obtained from patients aged 2-10 years of 
age. Specimens were transferred (aseptically) into sterile DMEM with 
10% DCS for transport to the laboratory. The procedure as described 
by Rheinwald and Green [1] was then followed. Briefly, this involves 
trimming away subcutaneous fat and dennis, mincing the epidermis, 
and reducing it to a single ce ll suspension by 4 serial trypsinizations 
(0.25% trypsin, type III, S igma). The cells were plated at densities of 
between 103 and 10" cells per flask, depending on requirements, and 
were grown in DMEM supplemented with 20% fetal calf serum and 0.4 
p,g/ml hydrocortisone (Sigma) . Confluent cultures of 3T3 cells were 
irradiated with 60 Gy using a linear particle accelerator and were added 
to the flasks with the keratinocytes at the time of plating at a density 
of 3 X 10'' 3T3 cells/flask. The medium was changed twice weekly and 
any contaminated fibroblasts were removed by treating with 0.02% 
EDTA on days 7 and 14 in culture; freshly irradiated 3T3 cells were 
then added. Primary cultures were used for all the experiments de-
scribed here. 
R a.dioisotopes 
[MethyPH]-thymidine ([3H]-Thd), sp act 5 Ci/mmol and [methyl-
"C]-thymidine ([' ''C]-Thd), sp act 59 mCi/mmol, were purchased from 
Amersham International. For pulse labeling ["H]-Thd was used at 1 
etCi!ml, ['"C]-Thd at 0.111Ci!ml, both for 1 hr. For continuous labeling 
['1H]-Thd was used at 0.1 11Ci/ml. Percent labeled mitosis (PLM) 
experiments were carried out by exposing for 20 min to either 0.2 11Ci! 
ml CHJ-Thd or 0.02 11Ci/ml ["C]-Thd followed by 3 washings in 
complete medium containing 10_,, M thymidine (Sigma) so as to remove 
unincorporated label. Cultures then had fTesh medium added and were 
incubated and sampled over a 72-h period. 
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Stathmokinetic Studies 
Clinical grade vincristine sulfate (VCR) (Oncovin, Lilly) was used as 
a stathmokinetic agent. A range of doses was tested on 7-day cultures 
and 0.6 J!g/ ml was selected as the minimum dose required to produce 
complete arrest. VCR was added directly to the flask (rather than in 
fresh medium) to give the required final concentration. 
Histologic Processing and R esin Embedding 
Cultures were washed 3 times with cold buffer and fixed in 3:1 
etbanol:acetic ac id, then stained with hematoxalin. Fig 2 shows the 
embedding and autoradiographic protocol. Fixed and stained cultures 
were dehydrated through alcohol in situ and embedded using the 
method of Brinkley et al [15] with minor modifications: 3 changes of 
90% 2-hyclroxylpropyl methacrylate (HPMA) in ethanol 5 min each, 
then 95% HPMA for 15 min, 100% HPMA for 15 min, 2 pru·ts HPMA:l 
part Luft's Epon for 15 min, 1 part HPMA:2 pru·ts Luft's Epon for 15 
min, and finally pure Epon, 3 changes 10 min each. 
The level of Epon was then adj usted to give a 1- to 2-mm covering 
which is approximately 4 em" in a 25-cm2 flask. The flasks were left 
overnight at 37°C with the caps removed. The resin was then polym-
erized for 24 h at 60-65°C. The flasks were separated from the resin, 
giving a flat surface that contains the cells that were attached to the 
flask. The resin could usually be separated as an in tact piece. It was 
then cut using a jeweler's saw to fit a plastic support the size of a 
microscope slide to which it was glued. It is then ready for light 
microscopy or for processing for autoradiography. 
Autoradiography 
Slides were dipped in Ilford K5 nucleru· emulsion and were exposed 
for various times (depending on the dose and dUTation of exposure to 
the radioisotopes) at 4 °C. Autoradiographs were developed in freshly 
made Amidol developer. 
A. 
I 
' Emulsion G~ B. ------
-----
_,. ________ _ 
c. 
FIG 2. The embedding protocol. Diagrammatic representation of 
the resin-embedding process. A multilayered colony is produced in 
cult ure (A); the cul ture is embedded in resin (B); when the resin has 
been polymerized the resin can be sepru·ated from the cul ture vesse l 
(C) . The resin is marked on the "basal" surface and is cut to shape (D) 
to fit a plastic support to which it is glued (E). This assembly is the 
same size as a conventional microscope slide which facilitates handling. 
The slide is processed for autoradiography as usual and produces a 
slide (F) in which the emulsion is in much closer contact wi th the basal 
cells. This can be compared with the case where the culture is not 
embedded and the emulsion is added on top of the colony (G); here the 
emulsion is, in central areas, much furth er from the basal cells. 
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Scoring Procedures 
A Zeiss universal microscope with a Planapo X 40 objective was used 
for scoring. In all cases only cells in the basal layer were counted; these 
can be distinguished from suprabasal cells by differential focusing. 
Where peripheral labeling is quoted the periphery was defined as those 
cells in the basal layer which had nuclei no more than 2 nuclei from the 
colony edge. 
A minimum of 1000 cells was scored per point for LI and mi totic 
index (Ml) estimates. In PLM studies a minimum of 200 mitoses was 
scored per point. All results are expressed as percentages. 
RESULTS 
R esin-Embedded Slides 
Separation of the resin from the plastic was usually extrem ely 
easy. On rare occasions when separation proved difficult, im-
mersion in liquid nitrogen aided separation. The resin is easy to 
cut to shape but orientation can be a problem. The edges of the 
upper surface of the resin have a meniscus which is a useful 
marker. Once cut to size this marker may be lost. This is easily 
overcome by writing relevant details of the sample on the r esin 
using a diamond pen. The orientation of the sample is importa nt 
when dipping the slides in the darkroom. The emulsion must 
be applied to the "basal" surface of th e resin. A convenient way 
of marking the basal side of the slide is to place a colored 
adhesive spot, as used for marking photographic slides, on the 
plastic mount. The resin has a pale orange-yellow color but this 
does not degrade the optical quality. The optical quality is very 
good and is far superior to that produced by cutting out part of 
the plastic culture flask . When D-19 developer was used, nu-
clear staining was either lost or greatly reduced . Such samples 
could be restained using hematoxylin, but areas of resin with 
no cells also stain and the preparations were not as clear. This 
did not occur when using an Amidol developer. The only 
problem encountered with this technique was that the prepa-
rations were not always perfectly flat, leading to focusing prob-
lems. This was usually attributable to the fact that the fl asks 
were not flat dming polymerization. 
Pulse Labeling 
Autoradiographs prepared in the conventional manner , by 
applying the emulswn on top of the colonies, produced only 
peripheral labeling. However, autoradiographs of resin-em -
bedded cultures also had a peripheral labeling pattern and th e 
grain density over labeled cells fell rapidly with increasing 
distance fTom the edge of the colony. Fig 3 shows a typical 
a utoradiograph of a pulse-labeled culture. When confluent, or 
near confluent, cultures wer e pulse labeled there were very few 
or no labeled cells. Those present were always observed at th e 
free edges of the colonies. Some subconfluent colonies were 
pulsed with [aH]-Thd, resin embedded, and sectioned at 2 ,um. 
Here only the peripheral basal cells were labeled . However, in 
all (confluent or subconfluent) cultw·es mi tot ic figures could be 
seen throughout the colonies. In the central areas of expanding 
colonies MI values of up to 2% or more were common, whereas 
the LI in these regions would be zero. LI and MI estimates for 
colonies at different stages of growth are shown in T a ble I. 
These can be compared with other published data for huma n 
epidermis (Table II). The results in Table I show that the Ll 
estimates for the periphery in any given experiment are con-
sistently higher than the estimate for colonies taken as a whole. 
Comparisons between sets of data after the same period in 
culture should be made with caution. The estimates are from 
separate experiments using different cell strains a nd using dif-
ferent plating densities. If diffusion of ["H]-Thd through the 
keratinized layers is reduced in larger colonies, the results !'rom 
experiments using different plating densities will not be directly 
comparible. This is because the degree of colony fusion a nd 
thus average colony size will depend on how many cells were 
added ini tially. The colonies produced in any one flask from a 
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F 1c 3. Autoradiograph of cul tured keratinocytes. Labeled ce ll ~ in 
the colony periphery fo llowing a 1-h pulse with ["H]-Thd. Hematoxylin, 
X 600. A resin-embedded preparation. 
TABLE I. Pulse labeling and mitotic index data for colonies at 
di fferent times in culture 
Days in L l, % M l, % 
cui Lure Overall Periphery Overall Periphery 
4 30.30 1.37 
5 34.60 4.40 
6 31.10 0.81 
6 28.80 6.20 
7 6.90 
7 35.40 4.40 
8 30.20 1.50 
8 5.79 2.20 
9 21.90 32.00 5.00 4.00 
10 26.30 1.60 
10 18.60 34.00 
11 23.10 38.00 6.13 5.13 
12 7.04 2.30 
12 10.50 32.00 3.27 4.02 
13 1.88 0.90 
14 25.40 6.50 2.50 
14 4.20 12.00 1.80 
14 2.70 
14 15.00 2.80 
14 5.10 7.00 2.40 
14 4.80 
14 10.40 
14 8.00 15.00 2.30 
14 2.50 
14 25.00 33.00 6.50 2.50 
15" 0.30 2.29 
17 1' 0.00 2.65 
"Ninety-five percent confl uent. 
"Confluent. 
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primary cult m e show, at early times, a range of sizes. Colonies 
were selected at random for scoring, but the different ial distri-
but ion of label was observed to be increasingly apparen t in 
large colonies. 
Continuous L abeling 
Fig 4 shows the LI obtained for a 14-day cul t u1·e under 
condit ions of con tinuous labeling. The ini tial LI values were 
very low compared with the LI after a normal 1-h pulse (Table 
I ). T his is probably the consequence of the lower e HJ-T hd 
concentration used and the its relatively inefficient diffusion or 
uptake; hence, the values ar e underestimates of the true LI. 
The data showed th at the central area accumulates labeled 
cells at nearly the same rate as the periphery bu t lagged a bout 
5 h behind . T he cmve for the periphery reached a p lateau at 
neru·ly 100% by about 20-21 h , indicating a growth fraction for 
the basal layer of abou t 1. 
PLM Experiments 
PLM experiments have been carried out using ["H]-Thd and 
[' 4C]-T hd. Mitotic cells tend~to be slightly displaced from the 
basal layer, i.e., fwt h er from the emulsion. The distance from 
t he mi totic cell DNA to the emulsion may have been lru·ge 
enough to cause errors when using [3H]-T hd and "epidermal 
sheet" type preparations. Obviously sectioning was one alter-
native but this would have made scoring more difficult. We 
decided to use [' 4C]-Thd in some PLM'experiments, because of 
its longer ,8-particle pathlengths. Results produced using both 
isotopes are presented in Fig 5 which shows the PLM data for 
a 14-day colony. As a brief pulse of labeled thymidine produces 
only peripheral labeling, only these areas were scored . At longer 
times after the pulse (e.g., 72 h or more), labeled cells were still 
not observed in the centra l areas, indicating little cell move-
ment. The PLM curve has some slightly unwmal featm es; the 
first peak reached a value of about 90%, there is a second 
damped peak at about 22 h and then a thir d, reproducibly 
higher peak at about 44 h after the first (22 h after the second). 
Stathmokinetic Studies 
Fig 6 shows mitotic accumulation results for 7-day colonies 
and F ig 7 for 14-day colonies. T he rate of accumulation fell 
rapidly after 3 h when numerous degenerating mitotic figmes 
were observed. Confluent cultures showed no accumulation of 
mitoses, even after several hours of treatment, and the MI 
remained 0.85-0.97% dur ing a 10-h period. In cul tures that were 
.95% confluent, mitotic accumulation was evident at the free 
edges (these contain too few cells to permit accurate quantita-
tive a nalysis) . The results appear to indicate an increase in 
mitotic duration with time in cul tm e. H owever , in 14-day 
cultures, where the colonies had fused to produce a lru·ge sheet, 
anaphases and telophases were seen in central positions even 
after 4 or more hours of exposure to VCR, while peripheral 
areas showed a normal accumulation but had numerous degen-
erating metaphases. 
DISCUSSION 
These studies confirm the observations of R heinwald and 
Green [1]. that a pulse of ["H]-Thd labels cells at the edge of 
the colonies and that only basal cells undergo DNA synthesis. 
T hey also reported tha t a 24-h exposure to ["C]-Thd produced 
"greater than 30%" labeling. T he technique they used for au-
toradiography (treatment with t issue solubilizer) destroys the 
cytoplasm and makes comparisons difficult. In the present 
experiments it was sur prising that in autoradiographs prepared 
with the emulsion next to the basal cells only the peripheral 
cells were labeled, whereas continuous labeling experiments 
showed that the central regions do eventually label. T he most 
probable explanation is tha t the free diffusion of thymidine into 
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TABLE II. Human epidermal hinetics in vitro-published data 
Ll Duration of labeling D . It MI T.. T,, T,. 
(%) (h) ays 111 cu ·me (%) (h) (h) (h) Reference Culture method 
Explant 
Explant 
Explant 
Explant 
Explant 
Explant 
Explant 
Dispersed: 
pH 5.6-5.8 with high plating density 
Explant 
Explant 
Explant 
Explant 
Explant 
Dispersed: 
Low Ca++ media on collagen sub-
strate 
Dispersed: 
3T3 feeder layer 
" Four-hour colcemid block. 
7.5 
10.5 
10.5 
8 
30 
68 
12" 
10.5 
9.8 
8 
0 
12 
38 
31 c 
b Percent cells in S-phase by cytoflourimetry. 
c Peripheral cell count. 
100 
80 
60 
20 
X X 
0 
X 
0 
0 
0 
12 24 
Time (hours ) 
X: f'8ripherol 
o=Cenlrol 
36 
2 
2 
24 
24 
24 
2 
1 
1 
1 
2 
FIG 4. Continuous labeling of a 14-day culture. Fourteen days after 
plating, cells were exposed to 0.1 p.Ci/ml ["1-1]-Thd continuously. Pe-
ripheral and central areas were scored separately for labeled cells. The 
cells in central positions lag behind the pel'ipheral cells. 
the colonies is hamper ed by the relatively impermeable supra-
basal layers. The uppermost str ata contain nearly matme cor-
neocytes and, as in vivo, must represent a considera ble barrier 
to free diffusion. In the case of a 1-h pulse, thymidine can be 
taken up easily by cells at the edge of a colony as they are 
partly exposed to t he medium. With continuous labeling, thy-
midine eventually becomes available to central cells by lateral 
diffusion tlu·ough t he basal layer and perhaps, to some extent, 
through the suprabasal strata. 
The observed la beling patterns have led other workers to 
2.0 [16) 
2.3" [17] 
2.5 11.5 1.5 59 [18] 
2.5 11.5 1.5 59 [19] 
2.1 [20] 
2.0" [21) 
2.2 [22) 
5 [23) 
4 0.1 
8 
12 
12 
16 0.4 
2.5 11.5 1.5 59 [24) 
2.2" [25) 
2.1 [26] 
1.9" [27] 
[30] 
1 [28] 
2 
3 
[12] 
"' 
10 lO LO 
Timo I hours) 
FIG 5. Percent labeled mitoses curve. T he graft shows the PLM for 
peripheral cells in 14-day colonies. Following the 20-min labeling pe-
riods used, only the peripheral cells show labeling. The curve is unusual 
in that the third peak is higher than the second. 
suggest that, as well as the obvious vertical organization, there 
is a gross functional variation within th e basal layer, the central 
cells being responsible for terminal differentiation and the 
peripheral cells for cell renewal [12,13]. It is smprising that 
these workers fa iled to notice the appreciable number of mitoses 
at the center of the colonies. Steinberg and Defendi [12] fou nd 
that in SV40 transformed cultures, labeled cells could be ob-
served in central ar eas. These cultures "did not show cornified 
multistratified layers" so one would envisage that the thymidine 
was freely accessible to all the cells and would be detected by 
the autoradiographic technique used. 
Davidson et al [29] reported that CHJ-Thd incorporation into 
DNA was not directly correlated with cell growth in keratino-
cyte cultures from ra bbit or human skin based on observations 
after a 3-h exposure of the cells to eHJ-Thd, followed by liquid 
scintillation counting of the total cellular DNA, assuming that 
all cycling cells were equally free to utilize the ['1H]-Thd. 
Changes in CHJ-Thd incorporation into DNA did not correlate 
with oth er parameters such as cell number. These resu lts can 
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be explained if the thymidine was not freely available to all 
cells during the labeling period. Davidson et al also noted a 
decrease in the levels of thymidine kinase (TK) activity with 
time in culture, and t his may complicate the situation. However, 
even if the activity were to be diminished in the present 
experiments, there must have been sufficient TK activity in all 
cells, or t he enzyme must h ave been induced, so as to permit 
nearly 100% labeling of the basal layer when radiolabeled 
thymidine was administered continuously. 
In view of the diffusion problems already discussed, the 
observation that doses of VCR that appear to block all meta-
phases in small colonies fail to do so in t he centra l areas of large 
colonies, suggests that t he suprabasallayers act as a barrier to 
many types of molecules. As conJluent cul tures can be main-
tained in a steady state, with cell production balanced by loss 
to differen tiation, nutrients must be able to penetrate this 
barrier. This suggests that it is the rate of diffusion from the 
medium through the suprabasallayers that is importan t . 
Chopra and Flaxman [19] published a continuous la beling 
curve for human skin explant cultures which provided an esti-
mate for the "growth f:rac~ion" of 0.66. Their approach should 
have detected most of the labeled cells, as at the stage of growth 
used, t he outgrowths were not highly stratified. Harpe1· et al 
[30] repeated this work and obtained an estimate of0.43 for the 
growth fraction. The present study suggests that the value of 
the growth fraction is close to unity for expanding colonies of 
cells. T he growth fraction for normal human epidermis in vivo 
(in steady state) is unknown bu t is often assumed to be unity. 
However, Gelfant (31,32] has suggested from limited data that 
the growth fTaction may be low. Continuous labeling of con-
flu ent keratinocyte cul tuTes that are also in a sort of steady 
state may provide a better comparison with the in vivo situation 
than do expanding cultures. 
PLM studies h ave been conducted on explant cultures of 
human skin [19,18,24) and the data suggest a value of 59 h for 
th e cell cycle time of cells in an expanding system, where no 
stratification occuJ·s. The experiments presented here (also on 
an expanding system) involved more frequent sampling and 
used one-twentieth of the dose of ["HJ-Thd applied in the 
earli er studies. The present resul ts are characterized by peak 
about 22 h apart, t he third peak which would normally be 
expected to show damping is a bove the level of th e second 
peale. The relatively high value of the thiTd peak might be 
caused by reutilization of labeled thymidine but this seems 
unlikely, as keratinocytes t hat were labeled at the strut of the 
experiment are unlikely to move supra basally, desquamate, and 
undergo nuclear destruction during the course of the experi-
ment (72 h) . The 3T3 cells al'e a more probable source of an 
recycled label and in pulse-labeled material 3T3 cells can be 
observed with numerous grains over their nuclei. As these cells 
ru·e lethally irradiated, they can round up and detach, but at 
t he time of the PLM experiments relatively few 3T3 cells 
remain, for the repeated washings in nonradioactive medium 
removes many cells and t hose remaining will contain a very 
small amount of incorporated label compa1·ed to the concentra-
tion of "cold" thymidine provided by the medium and serum. 
Furthermore, to account for the size of the third peak, CHJ-
Thd would need to be released fairly synchronously. Prelimi-
nary experiments in which the medium was changed twice 
during the first 30 h produced PLM results very simihu to those 
shown here. Hence, reutilization seems an unlikely explanation 
for the size of t he thiJd peak. 
An alternative explanation for the size of the third peak 
might be that it is composed of some cells in their second 
division as well as some in their third division, i.e., there is a 
cell kinetic heterogeneity in culture similar to that suggested 
for mouse epidermis in vivo [33]. In this case the PLM would 
indicate that some cells have cell cycle t imes of a bout 22 h 
while others might have cell cycle t imes of about 44 h . 
The stat;hmokinetic studies show that at short culture times 
May 1983 
(e.g., 7 days) the mitotic duration (T,) is about 0.7 h. At later 
times (e.g., 14 days) the estimates become inaccurate due to 
VCR penetration problems and the escape of cells from the 
block, and this will lead to overestimates for T,. Direct obser-
vations of mitotic duration using time-lapse recordings of 14-
day cultures suggest that Trn does not increase significantly 
between day 7-14 (unpublished observations). For cell cultures 
5-8 days after plating, the following cell kinetic parameters can 
be deduced: Length of mitosis (Trn) = 0.5-0.7 h (mitotic arrest). 
Length of cell cycle (Tc) = 12.6-16.7 (mitotic arrest). For cell 
cultures 14 days after plating: T., = 0.7 to possibly 1.5 h (mitotic 
arrest or PLM) . Length of S phase (TJ = 8 h (PLM). Tc = 22 
or 44 h (PLM) ; 28-35 h (continuous labeling); 26-47 h (calcu-
lated from Ts a nd Ll) . These results can be compared with the 
published data shown in Table II. 
Keratinocyte cultures are of interest to cell biologists in a 
number of fields. The barrier function of epidermis still appears 
to function in vitro, al though in culture the barrier is probably 
not as complete as in vivo. Even the presence of a partial barrier 
presents cer tain obvious problems some of which have been 
evid ent in the current work . Thus in cult ures of stratified 
epithelia it cannot be assumed that any agent that is added will 
be made freely available to all the cells immediately. Confluent 
cultures clem·ly would represent a situation closer to the steady 
state in vivo, and cell kinetic studies here might have a greater 
relevance for the in vivo situation. However, the impermeability 
of the corneocytes poses a problem in studying such systems. 
The results obtained here may represent a situation simila1· to 
that found in expanding foci of reepithelialization (regenera-
tion) . 
We wish to tha nk Dr. T. D. Alle n a nd G. B ennion for t heir help with 
the scanning electron micrograph and for their advice on embedding 
materia ls . 
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